Hypermedia links describe purposeful relationships between contents, and in consequence, their semantic intention can been modelled by the notion of link type.
Introduction
A hypermedia link creates a relationship between two or more addressable items or contents [1] with a concrete semantic or rhetoric intention. If that intention is made explicit, it can be used by the hypermedia system to provide the link with adaptive presentation, hiding or rearranging for specific users, among a variety of adaptive linking behaviours [2] . That is, the system is able to personalize the navigation structure of the hypermedia, trying to tailor it to user's needs. In many cases, the author of the link consciously and purposefully considers its intention, which results in consistent linking practices that improve the efficiency of the mental models built by the users of the hypermedia system [3] . But consistency in linking entails some form of agreement on a shared conceptualization of the space of possible semantic relationships between contents [4] , which acts as a vocabulary for the semantic interpretation of links. Such kind of conceptualizations have already been proposed and used in the form of taxonomies of link types -like those described in the works of Trigg and Kopak [5, 6 ] -, and they have also been applied for educational purposes, as described, for example, by Mullier [7] . Nonetheless, the use of typed links can still be improved in several ways. Here we focus on two of them, namely, the use of ontologies to describe link types, and the consideration of imprecision as an intrinsic link feature. The following sub-sections briefly describe each of these two aspects.
Link types and Ontologies
The collection of research and development efforts collectively labelled as the 'Semantic Web initiative' [8] is trying to reshape the current Web by essentially providing standardized metadata to Web resources in the form of annotations [9] , which are based on shared conceptualizations described in a logics-based form [10] . In other words, the Semantic Web is an attempt to providing machine-understandability to Web resources that today are written for human consumption. A properly 'annotated Web' would in that view form the basis for better information search and brokering techniques. Consequently, Web resources used for instruction can as such be annotated with metadata to take advantage of the advances that are taking place as a result of the investments on that kind of technology [11] . Concretely, in the area of computer-based instruction, existing approaches to using ontologies -or similar knowledge representation formalisms -are currently mainly focused on mapping concepts to hypermedia nodes or contents, while links are usually constrained to a number of predefined interpretations, which are in some cases derived from the meta-structure of nodes. For example, in the system called MyEnglishTeacher [12] the system derives connections of two types: priority and relatedness, from terms that are used to annotate contents, and in ELM-ART [13] , concepts in a network are related to hypermedia nodes.
Nonetheless, ontologies can be used also as an extension of existing link-type listings like [5] or [6] , or as an enhancement of extensible link typing systems, like that of NOTECARDS [14] . This way, link ontologies can be used to annotate the links themselves, so that richer and unified models of linking can be exploited to provide improved interaction visualizations [15] , and to design adaptive behaviors, as sketched in [16] . In order to achieve these goals, the most salient features of current ontology languages oriented to Web technologies [17] are the possibility of reasoning around subsumption (i.e. about categories and subcategories defined by terms, see [10] ) and the consensual aspect of shared ontology development [18] , which promises the availability of commonly agreed terminologies. In addition, research has pointed out that link types are related to some of the usability properties of the hypertext structure [19] , so that its systematic classification can be considered an important factor in the design of adaptive linking technologies [2] .
Imprecision in Linking
Another important characteristic of links is that their semantic intention is in many cases of a vague nature, or can be used to express different degrees of interconnectedness. For example, the 'support' link type as described by Trigg [5] is used to point to another content that "offers new information or arguments in A supporting the ideas and arguments presented in B". This definition implicitly entails that a degree of strength in support can be modelled, so that the original content A can be connected to a number of different contents B i with different grades. These differences can be exploited by the hypermedia system for diverse adaptations, e.g. sorting destinations by degree, or filtering only the most relevant ones. Imprecision is one of the multiple facets of imperfection in information that appears naturally in statements derived from human categorizations, as suggested by cognitive studies [20] . Several mathematical frameworks dealing with imperfection in information have reached a status of maturity [21] , being Fuzzy Set Theory the one that deals with imprecision in the sense we employ here, so that it can be used to extend the notion of link as described in [22] . For the sake of simplicity, we use here the terms vagueness and imprecision with the same meaning, although the former is considered to be different to the latter in studies about typologies of imperfection like [23] .
The just described two characteristics of linking leaded us to focus on the use of ontologies to describe links and its combination with vagueness in description, and specifically, in the context of the design of adaptive educational systems. That use of ontologies and vagueness to describe link types and their interrelationships provides essentially two main advantages. On the one hand, it enhances the richness of the potential subsequent adaptive behaviours that can be added to the hypermedia structure, and, on the other hand, it fosters consistency in linking practices, which benefits both users [3] and the possibility of building automated inferences [7] . This consistency becomes crucial in the context of instructional design, since the purpose of the links must follow clear educational objectives, and alternatives must be chosen depending on its suitability to enhance the learning process.
To make our discussion general, we have departed from the commonly agreed understanding of what educational Web resources are provided by existing standards.
Current proposed standards for the interoperability and reusability of learning resources are organized around the concept of learning object [24] , often defined as structured, context-independent aggregations of Web assets, which are oriented towards the metadata annotation of contents [25] . From among the existing specifications, the SCORM model [26] aims at being a unified reference model -which includes the IEEE LOM standard [27] -so that we have focused on it as a canonical representative. Surprisingly, links in SCORM are somewhat treated as secondary resources. In fact, the sequencing links that conform the navigation scheme in SCORM are derived implicitly from content structures [16] , and other kinds of explicit links are limited to internal sequencing inside learning objects, as described in its run-time specification [28] .
In this work, we describe the novel concept of "learning link" as a proposed first-class citizen in educational technology reference models, and we also describe how XLINK [29] and straightforward extensions to the SCORM model can be used to describe them.
These links can be reused independently of the contents they associate, and ontologies can be used to provide them with semantically rich types. In addition, imprecision in the implicit assertions contained in links is considered a key characteristic that may enhance the implementation of adaptive behaviors that are supported by learning links.
The rest of this paper is structured as follows. In section 2, the concept of learning link is described as a context-independent, typed entity that can be used to represent (possibly imprecise) semantic relationships between learning resources. Section 3 describes how this concept can be mapped to the content model of the current SCORM standard, and illustrates it through a prototype implementation in which links are defined separately from content elements. Section 4 briefly describes a concrete application of the approach to a computer science educational setting. Finally, conclusions and future research directions are provided in section 5.
A Model Supporting Types and Fuzziness in Educational Links
The annotation of links with ontology terms is a generalization of the concept of link type [6] that has been used in hypermedia models [30] for diverse purposes. Webenabled ontology definition languages [31] enhance simple link types with arbitrary relationship definitions between types and with full expressive power for the definition of axioms that can be used for subsequent reasoning processes, since they are based on description logics [10] . In consequence, applications that rely on link typing [32] may take advantage of these extensions.
In addition, vagueness is an inherent property of many link types, since they convey semantic structures that are essentially vague. For example, weights in [12] can be considered an implicit form of quantifying grades in relatedness connections.
The concept of fuzzy link [22] can be used to model that vagueness depending on the characteristics of the learner and on the semantics of the link type. As a result, a (fuzzy) link can be defined in an abstract manner as a triple:
where S and T are the sets of sources and targets (addressable entities), respectively, and Λ is a set of membership functions in the form:
where p denotes one of the types or purposes of the link, and U represents the set of users (and groups) of the system. This definition is an extension of the abstract notion of link described in the Labyrinth hypermedia model [30] that is included in the extended Maze model described in [22] . The use of different purposes for the same link structure is a means of economy in description, since the same sources and targets can be used with different intentions, conforming virtually different semantic links.
From the above definition, it's implied that an arc that belongs to the link L in the form (a, b) ∈ S×T, with a specific type p is described by the corresponding membership function µ (L, p) , which allows the definition of partial matching of the link for specific users (or groups of users). For example, the relative 'density' level [33] of a set of nodes D in T that give details about a node k in S along with the mastery level of the user (in the corresponding concept represented in k) can be used to derive a membership grade for a link so that:
where f is a function that should be empirically adjusted. For example, the density of the targets can be computed from some kind of measure like the Gunning-Fog index [34] , while the mastery of the user on concept k can be obtained by user modelling techniques like those that can be found in many educational adaptive hypermedia systems like ELM-ART [13] .
In some cases, for practical purposes, the definition of such kind of membership functions can be expressed as a composition of two functions, in the general form µ (L, p) (s, t, u) = f(s, t) · g(s, t, u) that may express two different aspect of the imprecision embodied by the link: -The first is user-independent and describes the imprecision of the semantic relationship itself. This aspect can be provided by the author of the link, prior to any form of application to adaptation, and it defines a degree of interconnectedness.
-And the second is a function of some characteristic of the model of the user, providing the personalization aspect.
These two aspects are not required to be explicitly separated in all cases, but in the context of reusing links as independent resources for several educational applications, the first aspect may be provided as metadata when authoring the link.
The just described characteristics of fuzzy links with regards to expressing imprecision are complemented with the benefits of using terms (classes) inside an ontology as purposes in link definitions. If we use a term defined in a link ontology as a link type designator, we can take advantage of declaring and using ontology-defined predicates [11] . For example, we know that an analogy link is a kind of argument link, which is related to a work-part according to [5] . Furthermore, designer-defined links can be specified on existing ontologies, for example, the "where in the world?" link cited in [32] could be considered a subtype of apply link described in [5] .
Extending SCORM for Learning Links
The current SCORM content model [26] is organized around the abstract notion of "learning resource", loosely defined as "any representation of information that is used in a learning experience". Currently, three specializations of this notion are included in the proposed standard: assets (representing any form of electronic media), Sharable Content Objects -SCOs -(representing collection of assets that conform a reusable, subjectively small unit of instruction), and content aggregations (that define the structure and sequencing of assets and SCOs). The static relationships between these three kinds of resources are depicted in Figure 1 as a UML diagram. An SCO can be made up of a number of assets -with one of them being a "launchable asset" that initiates and maintains communication with the Learning Management System (LMS) -, and can also be an aggregation of a number of other SCOs. Content aggregations define the structure of SCOs and assets, indicating possible sequencing strategies to the LMS.
In Figure 1 , fuzzy links are depicted as a fourth kind of learning resource called Sharable Link Object (indicating its special status with the <<fuzzy link>> UML stereotype), so that they can be reused independently of SCOs. These objects are intended to describe relationships between SCOs as showed in the diagram.
In the following subsections, the integration of learning links in SCORM and some details about a reference implementation are described.
Integration of Learning Links in SCORM
As we have just described, we've specified a fourth type of SCORM learning resource defined to introduce learning links as sharable elements, as a new entity called SLO. It should be noted that the SCORM specification is deliberately open for extension in the kinds of learning resources, as expressed in section 2.1.1 of [26] : "ADL envisions more specializations of learning resources to be introduced in future versions". The rationale for including links between SCOs is that they possess an independent didactic value, that can be temporally and physically separated from the resources they connect. In addition, external linking practices ease consistency maintenance [35] . It should be noted that these form of linking is different and complementary to practices that use the relationships section of the SCORM metadatata.
Independent links between SCOs -or link-bases expressed, for example, in XLINK format -, can be described with the same metadata items used for the other kinds of resources, thus not breaking the current restriction which requires that "learning resource sequencing is defined in the content structure and is external to the learning resource" [26] . Since SLOs, like SCOs, are reusable and context-independent, they can be considered to be of the same status of SCOs in that they are tracked by the LMS, but they possess different semantics [28] in that they are able of launching other SCOs, and in that more than one SLO may be active at the same time.
The annotation of the links should be defined on metadata items rather than in the link itself, to be LMS-visible. Basically, the meta-metadata section should include references to the ontology, and the classification section can be used to annotate the link (or set of links) with specific classes.
Implementation Case Study
As a proof of concept, we have developed a link ontology derived from Trigg's taxonomy of scientific writing [5] , and a preliminary prototype based on the reference implementation provided by the ADL Initiative, called "SCORM sample run-time environment 1.2" [36]. The prototype uses the DAML+OIL RDFS-based markup generated by the ontology editor called OILEd [37] . A screenshot of a part of the ontology is showed in Figure 2 .
Implementations can use the DAML+OIL markup generated (which in turn is RDF(s)-based), in which each term is identified by a URI. For example, the Analogy Link type is described by the following markup:
<daml:Class rdf:about= "http://www.dei.inf.uc3m.es/Trigg.daml#ArgumentLink-Analogy"> <rdfs:label>ArgumentLink-Analogy </rdfs:label> <rdfs:subClassOf> <daml:Class rdf:about= "http://www.dei.inf.uc3m.es/Trigg.daml#ArgumentLink"/> </rdfs:subClassOf> </daml:Class> A SLO in a SCORM manifest describes a set of arcs (sources and targets) between assets or SCOs, and its thus of a different nature of internal links that can be embedded in learning resources, that are not allowed to link resources outside their embedding context [28] .
A typical imsmanifest.xml file describing an instructional unit is made up of three major sections as depicted in Figure 3 . The "meta-data" section describes the elements that are referenced in the resources section as a whole, and the optional "organizations" section defines content structure and sequence.
For our purposes, we have to include a new kind of element in the "resources" section representing learning links (SLOs), which in turn, according to SCORM best practices, are described in a separate meta-data file. For example, the following XML fragment describes a SLO:
<resource identifier="slo_1" type="xlink" adlcp:scormtype="slo" href="slo01.xml"> <metadata> <schema>ADL SCORM_LL_ext</schema> <schemaversion>1.2</schemaversion> <adlcp:location> slo01_meta.xml </adlcp:location> </metadata> <file href="slo01.xml"/> <dependency identifierref="sc03"/> <dependency identifierref="sc04"/> <dependency identifierref="sc05"/> </resource>
The non-standard elements in the SLO definitions are the following: -The type attribute contains the string "xlink" instead of the generic "webcontent" value.
-The scormtype attribute identifies the resource as a SLO. This modification requires a change of the XML Schema definitions of the standard if validation is required.
-The name of the schema is changed to differentiate it from the non-extended version.
-The SCOs that are linked by the SLO are specified as dependencies. This information is redundant with the definition of the SLO itself, but is used for consistency with current SCORM packaging practices.
The file containing the metadata of the SLO (slo01_meta.xml following the above example) would include a reference to the ontology along with one or several of its terms that act as link types, as illustrated in the following markup fragment: Then, the definition of the arcs of the link is contained in the file that contains the XLINK definition (slo01.xml). Following our example, the following markup defines a link from a concept page (labeled origin) to its related explanations (labeled target):
<?xml version="1.0"?> <slo xmlns:xlink="http://www.w3.org/1999/xlink" xlink:type="extended"> <loc xlink:type="locator" xlink:href="sco03" xlink:label="origin"/> <loc xlink:type="locator" xlink:href="sco04" xlink:label="target1"/> <loc xlink:type="locator" xlink:href="sco05.htm/h1" xlink:label="target2"/> <arc xlink:type="arc" grade="1" xlink:from="origin" xlink:to="target1"/> <arc xlink:type="arc" grade="0.7" xlink:from="origin" xlink:to="target2"/> </slo> When defining locators, an XPATH location can be optionally specified, so that links can be applied to elements of lower granularity than SCOs. A similar approach is used in the RDF-based annotation tool called ANNOTEA [38] . Membership grades can be specified in the meta-data, as hard-coded values or functions or they can be internal to the LMS. In the above link, a grade of interconnectedness has been specified from the source to each of its targets, by using a grade tag and numerical values normalized in the [0, 1] interval (linguistic labels like 'very high' or 'rather low' representing predefined fuzzy numbers could have been used instead). These grades are not related to the user model, of the application, but could be combined with it.
To implement a fuzzy link m(L,analogy) from the given definitions the LMS must internally implement a membership function. For example, we can use the following simple membership function (for illustration purposes):
where grade(s,t) denotes the grade of the corresponding arc, and the function g takes the value of the SCORM lesson status of the SCO and:
-if the status is not_attempted, browsed, incomplete or failed, it returns one. This way, the compatibility for the user is that of the arc.
-if the status is completed, it returns 0.5, since the user is known to have experienced all the elements in the SCO, and thus, detailed analogies are not considered so relevant.
-If the status is passed, the score of the user (normalized in the [0. Generated links provoke the activation of a LMS behaviour that launches the linked SCO. Multi-target activations are for now precluded since they break the SCORM requirement that SCOs must be launched one at a time.
In the just described example, we have only illustrated one of the multiple applications of link types in instructional design. But the same technological support can be used to design other specific uses of link types in hypertextual learning structures like those described in [41] .
Application of SLOs to Teaching Data Structures
The just described approach to using links for the purpose of adaptive linking in educational contents has been applied to a practical setting described in this section. The motivation for that application comes from a concrete situation identified in a first course on "Data Structures" in the context of a first year of education in computing. The problem detected in previous years was that many of the students lacked the necessary programming skills required to properly achieve the objectives of the subject. A formative evaluation was conducted, administering a short exam with two practical questions consisting on developing simple algorithms. Data obtained from the exam's responses revealed a large amount of evidence about the deficiencies of the student's knowledge about programming.
In order to provide feedback to the students, qualitative marks from 'A' to 'D' were used, with 'A' standing for 'required programming skills are ok', to 'D' meaning the opposite. But all the systematically collected information about the problems was laborious to communicate personally to the students, which leaded us to use a Web tool as a feedback mechanism.
Our data collection consisted on two kinds of contents: erroneous fragments of code and proposed exercises. The former were extracted from the results of the formative evaluation, i.e., they were student's mistakes, while the latter were proposed exercises related to the concepts the teachers considered as poorly understood by the students that failed. To put it formally, we have a network of programming concepts in a set C, grouped by "is-a" relationships, like the one between "control structures" and "conditional control structures" and "repetitive control structures", and the like. Then, the erroneous fragments of code -in a set E -were related to one or more of these concepts, so that the function concepts: E × C→ [0, 1] denotes the set of concepts that are supposedly misunderstood by a student that incurs in a given mistake, where the teachers established also the degree of influence of the concept in each mistake. In addition, each concept was connected to a number of proposed exercises in P so that exercises: C × P → [0, 1] denotes the degree of subjective utility of working each given exercise with regards to each given concept, as considered by the teachers.
The environment described in the previous section was used to provide the students a feedback tool. Concretely, students that have obtained a grade below 'A' were directed towards a small organization of programming contents -corresponding to the elements in C -, developed as simple SCORM table of contents. Then, extended XLINK definitions were used to describe links from contents to erroneous code fragments.
In consequence, the hypermedia system works with two kinds of fuzzy links:
-Links connecting contents -and, in consequence, SCOs -to fragments of erroneous code, denoted by L c→e = (C, E, {µ c→e }}.
-Links connecting concepts to proposed exercises about them, in the form L c→p = (C, P, {µ c→p }}.
The interaction of the system consists in the navigation following the concept schema, and each content in C is dynamically changed by adding:
-A list of links to erroneous code fragments, generated by taking nonzero compatibility grades from the following function, in which failed stands for a zero or one value depending if the student used the erroneous fragment of code -or a similar one -in his/her exam: The feedback schema can be used in other environments, and is specially suited to subjects in which the evaluation of practical competences that are identifiable from exercises is considered the most important assessment point.
Conclusions and Future Work
A model of learning links as reusable learning resources has been described, with support for vagueness and semantic typing. Ontologies and concepts from Fuzzy Set
Theory have been applied for the solution.
Our current approach can be situated at level-2 according with the computational semantics described in [42] , and it complements existing approaches that use ontologies or concept maps to provide semantic interpretation to hypermedia nodes or contents. In addition, the link model can be mapped to XLINK structures and integrated in existing learning technology standards, as has been described in the paper. 
